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ABSTRACT : The paper presents results achieved up to date and surveys the
methodolcgic problems which are the tases of research on the scale effect

of cavitation erosion within the common researc. program of the Mechanicel
Institute of the Soviet Academy of Sciences and the Fluid Mechanical Working
Group ¢f the Hungarian Academy of Sciences at the Depertment of Hydraulic
Machines, Budapest Technical University. The theoretical bases of the
laboratory research methods for investigating the scale effect, based on an
energetic parameter, are critically dealt with, The authors describe the
experimental gear and the conditions with the aid of which the energetic
parameter and the similarity criterion of the erosion are determined. The
possible errors of the measured values and the influence of the errors on the
finel experimental results are analyzed. It is shown that the results of the
experiments carried out at the Budapest Technical University confirm the
earlier experiments, and thus the validity of the relation describing the

.8scale effect is proved for a still larger range. English Translation: 27 pages._:
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INVESTIGATION OF THE SCALE EFFECT OF CAVITATION EROSION*

J. Varga and Gy. Sebestyen, Technical University, Budapest; and
K.K. Shalnev and B.A. Tchernavskly, Institute for
Mechanics, USSR Academy of Sclences, Moscow

I. INTRODUCTION

A situation in which operation in a state of cavitation 1s neces-
sary for various perlods of time, or in which local cavitation takes
place in the machine, often arises in the use of hydraullc machines or
devices. If insufficlent consilderation is given to this faector in the
selection of the materlals ucsed in the manufacture of the equipment,
severe damcges may be caused and these damages may also lead to the
destruction of the entire machine. Recognlizing this factor, numerous
thecoretical and experimental research projects were conducted to elu-
cldate the phenomena of cavitation erosion so as to leavrn about the
processes that determine the intensity of the destruction. Much less
attention nas been given, however, to the clarification of the scale
effect in cavitation erosion. Yet, the results of research can be uill-
ized only to a limited extent in the construction of machines if thils
effect 1s not known.

The following discussion will summarlze the expe:‘ence gained in
experiments designhed to observe the ercsion effect c¢i' cuvitation zones
behind c¢ircular cylinders. The experiments were conducted under consid-
eration of the hydromechanical model law, and wre almed to clarify the
scale effect of cavitatlion erosion on the basls of tests 1n which mod-

els of various geometrical dimensions were employed.




. 1I. THE RESEARCH METHOD
1. The Irtensity of Erosion

Varlous methods are employed for the investigation of the resist-.
ance of materiale .. construction iv cavitation erosion (1.

Experiments conducted in flowing liquid: in these experiments, the
sample fabricated from the material under test is subjected to cavita-
tion; the cavitation forms behind the body immersed in the liquid.

Vibration and esonic methods. These methcds involve magnetostric-
tive vibrations applied to the test samples, or test samples exposed
to sonic and ultrasonic waves.

Rotating-diek method. The test sample is fabricated from the ma-
terial to be tested, and is then mounced on the surface of a disk that
rotetes within the liquid. A protruding part is fitted to the surface
of the disk or an indentatlon is produced on it; cavitation develops
behind these, and the test sample 1s exposed to its effects. '

Fluid-etream impact method. Test samples are mounted on a rotating
disk: they are expcsed periodically to the impact of a free s<ream or
rapidly flowing fluid. It 1s to be assumed that the destruction process
caused 1n this manner is the same as that caused by cavitation [2].
Since the validity of this assumntion cannot be considered as having
gained universal acceptance, 1t appeared desirable to favor tests in
which the fluid stream exerts a direct effect.

In selecting the methods of test 1t appe=rs that the aim should
logically be to use methods most closely resembling the prastical con-
ditions, 1.e., methods in .hich the cavitetion effect caused Ly tur-
bulence in the zone of detachment can be exam‘ned [3]. The method that
most closely resembles the natural conditions and satisfies this re-
quirement involves the study of the cavitation taking place behind

bodies surrounded by a fluid flow. The attack of cavitation erosion on
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the materials requires a certain amount of energy; thus, it is desira-
ble to create such conditions in tests performed in a fluid flow in
which the relations are the least compllcated between the intensity of
the erosion and the resistance of the body immersed in the fluid, i.e.,
energy required to overcome the body resistance. For this reason, a
¢ircular-cylindrical model was selected as é first approximation: this
model was inserted into the measuring channel of the hydrodynamic chan-
nel (Figs. 1 and 2). This selection is favorable for an additional rea-
son: the flow may be conslidered as two-dimensional and the flow around
a circular cylinder has been investigated so far in more detail than
has been any other model [4-6].

There are parameters that indlcate the intensity of the erosion
and are not related with the hydrodynamic parameters of the flow [7].
This 1s so since the intensity of erosion can‘be measured on the basis
of the following characteristic values:

a) depth and spread of the erosion voids [8, 9];

b) loss in sample welght after a specific period of time [10, 11];

e) volume loss related to unit area and time [1];

d) same as above, expressed as welght [12];

e) number of erosion volds formed on unit area within unit time
(1313

f) volume loss of the sample, related to characteristic body di-
mensions [14];

g) decrease in the radiation intensity of isotopes that were placed
on the surface of the test samples subjected to attack [15];

h) the time required to attaln a given degree of destruction that
can be followed visually [16].

Most of the parameters listed can be determined by measurements

on the sample both prior to and following the experiments. The prevail-

-3 -
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Fig. 1. Photograph of a cavitation zone created behind a circular cyl-
inder: the picture was taken in the cavitation channel at the Chair for

Hydraulic Machines, Budapest Technical University. z = 0.85; Re =
= 6.6 x 105; A = 198 x 200 sq mm; d = .48 mm; exposure time t = 5 x
x 1077 gec.

GRAPiIC NOT
REPROBUGISLE

Fig. ¢. Plcture of a cavitation zone created behind a circular cylinder,
taken in the cavitation channel at the Chair for Hydraulic Machines,

Budapest Technical University. x = 1.23; Re = 6.35 x 105- A = 198 x

)
x 200 sq mm; d = 48 _ mm; exposure time t = 2 x 10"6 sec.

ing conditions and feasibility considerations affect generally the se-
lection of the parameters, Thus, for example, the methods involving
isotopes were selected for cavitation studies on Francis turbines. In

addition to the above-named author, Rata [17] measured the change in
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the chemical resistance of the samples caused by erosion, and related
this change to loss in volume. Govinda Rao [18] recommended dimension-
less parameters for the characterization of cavitation erosion. Such

a parameter is essentially u ratio characterizing thc relation between
the energy required for the destruction of a given volume of material
and ths energy of the collapsing bubbles. The energy of collapsing
bubbles can be calculated on the basis of the Rayleigh theory [19]
only i1f certain assumptions are valid - for example, the bubbles must
be surrounded by a homcgeneous fluid; furthermore, isothermal compres-
sion must be assumed — and therefore its value 1s uncertain. In the
experiments of Govinda Rao, servin;, as the basls for the determinatlion
of the parameter, the cavitation zone consisted of & multitude of bub~
bles; thus, a homogenecus fluid surrounding was not ensured. The Gov-
inda Rao parameter for cavitation erosion has a specific character;
i.e., 1t depends on the degree of cavitaticn development and on the
duration of the cavitation effect.

2. The Energetic Parameter

The energetic erosion parameter [7)] designates the ratio of the
eroded volume and a given portion of the cavitation resistance of the
model. The unit of the ¢nergetic parameter consists of the recliprocal
of the tensile energy of the material of unit volume. Contrary to all
parameters listed above, the value of this parameter does not depend
on a given state of cavitation; in the case of a given material, it
depends nelther on the flow rate nor on model dimensions or Reynoldsian
and Weberian similarity criteria. The reciprocal of the energetic par-
ameter represents the true cavitation resistance of the material sub-
Jected to cavitation erosion, in contrast to “he other parameters that
provide essentially the relative erosion resistance of the material:

in other words, it 18 only possible to compare the resistance of a ma~
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terial with that of another.

In accordance with experiments involving the tensile work related
to unit volume of metals — experiments of this nature were conducted
by Gillemot and Sinay [20] — where the tensile work is independent of
the nature of the mechanical forces causing the break and where 1t 1s '
also practically independent of the numbor of consecutive stresses in-

volved in the tensile work; furthermore, it has a constant value for

each material — the energetic parameter enables the designation ot a
mutual relation between the tensile work originating from cavitation
work effects and the tenslile work given by mechanical force effects.
In the case of metals, that show no tendency to chemical corrosion even
in the cavitation seate, it 1s likely that the tensile work originating
from cavitation stresses is the same as the tensile work originating
from mechanical forces. To the extent that the destruction of metals
in the course of cavitation is caused by corrosion effects, it is nec-
essary to increase correspondingly the tenslle work determined with
the aild of the energetic parameter: this procedure ylelds the new par-
ameter fcr the physical-mechanical properties of metals, viz., the
cavitation resistance.
Within the context of Shalnev's definition [7], the energetic
parameters may be expressed by the following equations:
k= ulag.'::: v r [ .'.""i';' ="
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In thes:- equations, AV repr&sents thervolume of the amount of

eroded matt:r; AG represents the welght loss of the sample subjected to
cavitayion within the period 7t; Y represents the specific gravity of

the sample material; d represents the diameter of the cylinder; h rep- '
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resents the height of the cylinder; v, representa the flow rate in the
cross section restricted by the cylinder; y represents the specific

gravity of the fluid; ¢, represents the reaistance of the cylinder

wilthout cavitation; Cxc represents the resistance of the cylinder in

case of cavitation; Acé represents that portion of the cavitation re-

sistance which 1s obtained with the aid of the expression Czo'cz

= f(W), 1.e., extrapolation of the Weber number to the value ¥ = 0.

The Weber number 1s defined as W = pvzmd/c, where p represents the

density of the fluid and o represents the surface tension.
3. The Scale Effect

The energetlc parameter makes the determination of the scale ef-
fect possible, 1.e.; it 1¢ possible to establish the volume loss of
the material used in the full-scale part from data gathered in a mod-
el experiment. Provided that the cavitation conditions are geometrical-
ly similar and the flulds are the same, the following expression 1s ob-
talned cn the basls of a comparison of the expressions relating to the

model and che full-scale part (1) respectively:
aV, = AV, LoV, (2)
In thls expression, L represents a reference value related to the lin-
ear dimensions of the model and to the cavitation, and V 1s a scale
value related to the flow rate.
Equation (2) provides the conditions that need to be considered
in the execution of‘podel experiments on cavitation erosion. In experi-

ments conducted on the basis of Eq. (1) the exponent values of a = 3

and B = 5 were obtained.

These values were confirmed by experiments conducted by other
authors also. Knapp [13] conducted experiments on axially symmetrical
models and full-size turbines [21]: he estimated the intensity of

cavitation erosion on the basis of the number of cavities, and ob-




tained the value of 4-6. Kerr and Rosenberg, on the basis of their
tests involving the use of 1sotopes in the scale of 1:1 [15] assume
that the value 18 1likely to be B = 5. Rata obtained in his experiments
[17], conducted at various relatively close velocities, exponent val-
ues between B = 4 and B = 8. Govinda Rao [18] found in his tests in-
volving cylinders, the values of 8 = 5,3 to 8 = 8, and in tests in-
volving square prisms the values of 8 = 4 to 8 = 8,

The effect of model dimensions established on the basis of our
experimenta are shown in Table 1. This table gives the following val-
ues: volume of the amount of eroded substance in four cylinders of dif-
ferent dimensions, and the ten ratios at four different velocities de-
rived from these values. The experimental value of o can be determined
from these data. The average values of the volume ratios give a value
of a= 2.95; this is close to the theoretical value of a = 3.

No other researchers have so far conducted experiments in this
manner for the study of the effects of dimens ons. Knapp [13] disputes
the effects of dimensions on the intensity of erosion. The scattering
of the results shows primarily how carefully one must proceed with

respect to all values in the test setup that affect erosion intensity.

III. TEST SETUPS

l. The Water Channels

The cavitation erosion tests were conducted in the water channels
designated as GT-3 and GT-2 at the Institute for Mechanics (IM), Soviet
Academy of Sciencé%, and in the water channels of the Hungarian Academy
of Sciences, located at the Department of Hydraulic Machines, Budapest
Technical University [22]. All these channels have a closed water cy-
cle, circulation being affected with the aid of'pumps. The flow rate
is regulated with the aid of control of the electrical drive. Pressure

may be regulated indepandently of flow rete. The maximum attainabdle

28
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flow rate within the meﬁeuripg length of 200 x 48 sq mm is 18m/s for
the channel of Budapest Technical University. In the channels of IM %
the flow rate can be varied between 0 and 25 m/s for the channels with
varying dimensions. The cross section of the measuring channel at Buda-
pest Technical University is illustrated in Fig. 3.
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Fig. 3. The measuring channel at the Department of Hydraulic Machines

at Budapest Technical University, with sample in the channel. The cross-
sectional dimensions of the measuring length are: 4 = 48 x 200 sq mm;
diameter of the circular cylinder: d = 48 mm. .

2. The Converging Section of the Diffuser

The converging section of the diffuser 1s fitted between the pres-
sure tank and the measuring stretch. The converging section of the dif- ‘
fuser fitted into %he channel must be considered as being subject to .
very stringent requirements since it determines the nature of the flow
in the measuring channel. Thus, the converging section of the diffuser
must be constructed so that it ensuree the highéat possible degree of
uniforpity in the entire cross section of the measuring channel, i.e.,

that there are minimal changes only in flow rate both longitudinally

- 10 -
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configuration. The constriction ratio between the inflow and outflow
cross sections for the converging section of the diffuser was estab-
lished on the basis of the relevant studies of Prandtl [23). The longi-
tudinal profile of the converging section of the diffuser consists of
two curves. The curve at the inflow side ensures a suitable connection
for the outflow side of the converging section of the diffuser, the
profile of which has been calculated according to the data reported by
Witoszynski [24] (Fig. 4).

SN
RS
SN

Fig. U. The converging section of the diffuser of the measuring chan-
nel in the cavitation channel at the Department of Hydraulic Machines,
Budapest Technical University. Dimensions of the outflow cross section:
A = 48 x 200 sq mm. .

To prevent the formation of a turbulent zone, the length of the
second part of the converging section of the diffuser that located in
the measuring stretch, was executed with the values according to ex-
pression 1 = 3d. The converging section of the dfffuser is employed -
after calibration - for measuring the amount of fluid flowing through

the measuring stretch and of the flow rate.

- 11 -
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3. The Measuring Channel

Cavitation ercsion tests were conducted with four different cross

sections in the three water channels described above. The cross sec-

tional dimensions of the measuring stretches are as follows:

a) in the channels of the Institvte for Mechanics: 6 x 25; 12 x

x 50; 24 x 100 sq mm;

%) in the channel of Budapest Technical University: 48 x 200 sq

"The subsequent executions provide data on the measuring channel

with the cross section of 48 x 200 sq mm in the cavitation channel at

the Department of Hydraulic Machines, Budapest Technical University.

The chassis of the measuring channel is formed by two steel frames of

identical size: these frames are kept 48 mm apart by four spacers fite

ted in the corners. The profile cross section,'bounded by the spacers

and frame edges, 1s 48 x 200 sq mm. The two ends of the measuring chan-

nel are connected to a part that also contains the converging and di-

verging sectlon of the diffuser, respectively, by means of flange con-

nections. Openings are provided in the steel frames for the fitting of

appropriate end pleces. To permit visual observation and photographic

recording, three sides are covered with Plexiglas and one side 18 cov-

ered with an end plate having a wider opening. The latter opening

serves for the introduction of the sample fabricated for the test and

of the sample holder through the end plate. The insertion and removal

of the sample can this be accomplished in a simple manner.
The sample employed for the tests consists of two parts, viz., the

so-called carrier disk and the rolled lead sheet subjected to erosion.

The lead sheet was affixed to the aluminum-alloy bBaseplate by means of

metal cement. There are drilled holes in this baseplate to permit at-

tachment of the sample holders.
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gree of preclsion, and the surfaces were cerefully worked. As can be

seen from the figure, one end of the circular cylinder is mounted in

the sample holder while the other end extends into a drilled hole pro-
vided for this purpose in the opposite Plexiglas window.
4, The Design of the Diffuser

The diffuser was designed with great care, considering the fact
that the diffuser is the most sensitive component of the water channel
insofar as cavitation is concerned, and it also determines the quali ty
level of the channel. On the basis of these considerations, a 7° open=-
ing angle was selected for the diffuser, i.e., an angle smaller than
that advocated for wind tunnels, In order to be able to fabricate the
diffuser with ease, it consists of several parts, with due considera-
tion of the fact that there must be a transition from a four-edge pro-
file to a circular profile.

IV. DETERMINATION OF THE BASIC VALUES

1. Determination of the Velocities in the Measuring Cross Section

The average flow rate of the stream is generally determined for
the model cross section on the basls of the amount of water flown
through: this can be determined in variocus ways (a measuring fitting,
a Venturl gauge, etc.). The flow rate can be determined also with the
ald of the pressure obtained through a hole drilled intn the cylinder
along the flow axis. In the water channel, determination ¢ the Ilow
rate can be effected on the basis of the following considerations: let

129 denote the pressure at the converging secticun of the diffuser
entry,

Py denote the pressure measured at the outflow of the converging
section of the diffuser,

Ps3 denote the pressure at the entry of the measuring stretch, and

- 13 -
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py denote the pressure measured at the wall of the measuring
stretch at a point corresponding to the centerline of the cylinder if
the cylinder 1s not inserted in the measuring channel.

If Py denote the pressure at the forward point of the centerline
of the cylinder inserted in the flow, it 1s necessary to establish ex-
perimentally the rclations

N ) -2
or
_f5~m-mnﬁ)“'
= p - (h.:‘ P=q f-m."— ”
where q = vg/zg, and then determine graphically [25] the values
- ,'.1-1(’._.—}'.).' v = Vige’
Considering the cross section constriction caused by the cylinder,

we obtain the following expression:

V= b-:d'

where b represents the width of the measuring stretch. The following
velocities are employed in the evaluation of the test results: v, the
average velocity before the model; v_, the average velocity obtained
under consideration of the cross sectlon constriction of the flow;
Vo the velocity at the centerline of the flow, considering the chan-
nel constriction. I'recise determination of the veloclity values is a
very important task since the volume of the eroded substance depends

on the exponent 8 = 5.

2. Determination of the Pressure irn the Measuring Cross Section

It 1s not possible to determire the pressure p, directly in the
measuring cross section. In the course of the tgats, measurement 1is
accomplished by measuring the pressure P3 before the model. By utilizing
the expresaion

L A %Y L
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without a cylinder being inserted, the above-menticned pressure is ob-
tained from the equation p, = p3—(p3-pu) which includes consideration. .
of the pressure drop between points 3 and 4 in the measuring stretch.

3. Determination of the Cavitation Number (k)

Determination of the cavitation number is necessary for the cal-
culation of the value of Acz. This value may be determined with or
without consideration of the constriction. In the former case the fol-
lowing expression applles:

o Do Pl
T

where p_ = Py»4q, represents the level of velocity found according to
the above-mentioned method (cf. IV.1l). Pg4 represents the pressure of
water vapor at the given temperature, and y represents the specific
gravity of water.

4. Length of the Cavitatlion Zone

The length of the cavitation zone is measured w'th the ald of the
distance between the centerline of the cylinder and the end of the con-
nected part: it 1s denoted as Zc. Expressed in a dimensionless form,
A= Zc/d characterizes the so-called relative zone length, where d

represents the diameter of the cylinder.

5. Determingtion of AC_

The expressions Cx(Re, ) and A(x) are employed for the determina-
tion of AC,. More about this may be found in References [4) and [7]
(Figs. 5 and 6). It is desirable to extend the data given there from
both the range of large and the range of small Reynolds numbers in or-
der to obtain as reliable values as possible for the value of (.. The
simplest, and at the same time also the most accurate, method for the

determination of the value of Cz involves the determination of the pres-

- 15 -
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sure distribution in the center cross section of the model. In deter-

minationas made by using another method, such as, for example, in case

of direct force measurement, the cracks necessarily present in the as-

sembly cause a distortion of the flow.

Q -
| Re=4 ... 0.10¢
u [ X 4 )
. ‘ﬂ ) n..

a8 py
. B... 810
- 2. 3004

0 J30... 43.10%

A8 08 W 12 W W 20 22 242

Fig. 5. Effect of the Reynolds number ani
the cavitation number on the cylinder re-
sistance number.

Rewm 4+8:10%, dw 5,00 mm; Rew 11516 lO‘.
dw= 20 mm; Re = 18+23:10', d = 30 mm;
. Rewm 25:-30-10", d = 40 mm; K
Re = 30 -43- N'J-SOn- '

o deS.0mm '
- o:"?Om -

® d= S0mm

’4.

;’,' - T

a4 & 12 1w 0 X

Fig. 6. Effect of the cavitation number
and the ¢ylinder diameter on the length
of the cavitation zone.

The functions C_ = Cz(V) and ¢_ = C_, (W) (Fig. 7) can be repre-
sented on the basis of the expressions C_(Re, x) and A(x). Within the
meaning of Eq. (1), in order to determine the value of ac, it 1s also

- 16 -

—————— . T T T

e A

e
adidl wen

aruthitabi,

AT I

v Rt gl 13 MR ) v AT 6




the absolute value of a magnitude obtained by forming the differences
cxa(w)-c:(w) as a function of ¥, and interpolating them to yield a
line that, in turn, intersects the above value in the negative area

of ordinate Cx by extrapolation to ¥ = 0,

.

48 - .
“EETT TP
N < .

3”a4 T e 340

. Q4 wex2s §%m = C 2B
. 08 e75:25 - smm d = 32
a2p4onc0  Rmm 4Gy P
, 015x50 *  r2mm y, w
Vo 482 48m : , - 4
-0 .
. prag -

: N -y . : 16
'42 ar -

8
© Lleed - l

02 ¢ g 8 W1 .18 W WY

Fig. 7. The values cx, cxo, AC:’ and AV in re-
lation to the Weber number (W).

i

6. Determination of AV

The volume of the eroded material can be determined from both the

welght loss, AG, and the duration of the experiment, 71, 1l.e.,

""""'.“'WW"WWE’" I A AT S T 3| AR A1 o e S 4

a_.
Y = pou (b7

where Aa represents the specific gravity of the sample material. In
order to avoild errops, it 1s desitable to determine in advance the ex-
pression AV = f(¥) on the basis of tests, thereby obtaining a suitable
number of values for AV. The expression AV = f(¥) can be constructed
from the averages of the values of AV obtained (see Fig. 7).

7. Determination of AG

el A A

The weight loss of the sample in the experiment can be determined

- 17 -
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- by welghing — at the rbquired degree of acouracy — the sample both

prior to and following the test. The accuracy of the weighing depends
on the value of AG. The acceptable degree of accuracy for the weighing

— in comparison to the determination accuracy of other values - is

b GARl EONi ) w,i.u.||,1|;‘,u!t‘,lw[lmmMWM“WWW.

represented by a tolerance of +1%; however, we were able to execute

the welghings in the tests, especially in the case of larger samples,
at a considerably greater degree of accuracy (+0.1%).

8. Determination of t
The duration of the test is determined by the purpose of the ex-

periment and by factors contributing to the accuracy of the test re-
sults (cf. Chapter 5). In tests executed at constant values of d and
A, with the velocity being varied, the duration of the test 1s char-
acterized by the time required for attaining the same loss in weilght.
When, however, the dimensions of the model are varled, the duration of

the test 1s determiried by the expression AGn/AGm & L3.

9. The Water Temperature
The water temperature is measured by a mercury thermometer placed

in an oil-filled boring of the converging section of the diffuser

flange.

10. Additional Values
The barometric pressure 1s measured with a mercury manometer. The

values required for tne calculation of Expressions (1) and (2), such

as the specific gravivy of the water, vy, the specific gravity of the
sample material,.ws, the water vapor pressure, Pg» the surface tension,
0, the kinematic viscosity v of the water, are taken from tables con-
taining the required physical constants. ‘

V. FACTORS APPECTING THE ACCURACY OF THE RESULTS

1. Effect of the Air Content
Cavitation teets were performed with the aid of magnetostrictive

»

h

3




i

|

water exerts a significant influence on the intensity of the erosion.
The erosion loss 18 approximately 80% higher in distilled water than
in tap water. The erosion losses determined in tap water become about

30% lower if the water is aerated. These experiences indicate that in

tests designed to determine cavitation erosion it is necessary to use

T TN Sl

water that has a constant air content. Thus, the water channels used

in these tests are designed so that the water surface in the pressure

containers 1s in no direct contact with the air, and that the refil-

Iy

ling of the channel 1s always accomplished with water that has constant

propertles.

2. Effect of Temperature

In the course of our tests [3], where we held the dimensions and
the state of the cavitatlon zone, and also the flow rate, at constant
values, we established that fluctuations of water temperature between
10° and 26°C reduced the erosion by 0-7% (Fig. 8). Where we restricted

the fluctuations of water temperature to 1°-8°C, the effect of tempera-

ture increase was 1nsignificant. In the course of our tests, we allowed
temperature fluctuatlons of #5°C.

3. Effect of Cavitation State

Our investigations [3] show the maximum intensity of erosion in
case of cavitatiorn behind a circular cylinder, at a value of A = 3 for
the cavitation zone length (Fig. 9). The erosion intensity decreased

by approximately 25f‘by changing the value of A = 3 to A = 2, and by

T e P

at least 16% by changing the value to up to A = 4, Considering this

A

state of affalrs, a maximum error of 6 . = % 5% may arise in the deter-
mination of 4G.

4, Effegt of the Dimension Ratios of the Model

" W‘Wmnﬂ]w‘"‘ﬁﬂ'm!"lmlmﬂﬂﬂﬂm'!!ﬂlfﬂ*lW'}mwmﬂ L Lt TUl e el e BT 0 Ll

In our tests the effect of the size ratio of 1/d is essentially

T e
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Fig. 8. The compensated functions of the

relative erosien volume [AV/AVmax] or the

relative erosion surface [f/fmax] and the
water temperature (t, °C).

o8

s
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Fig. 9. The compensated functions of the relative erosion volume

[uV/AVmaxJ and the relative length of the cavitation zone (X). 1) At

a velocity of vy = 14 m/s; 2) at a velocity of v,y = 17 m/s; 3) at a
velocity of vg " 20 m/s.

‘ a8 - SR Lo the same as the effect of the width of the
ngl S T U U Eo measuring channel cross section. Our research
o ¢ ] report [1] indicates that the intensity of .
) R O | I e the erosion attains ite maximum value at a
. o4 4 S dimension ratio of 1/d = 1 (Pig. 10). The

intensity of the erosion decreases suddenly

2 with an increasing 1/d ratio. By increasing '
e the 1/d ratio by 10%, the intensity of the
. S Ce erosion also decreases by 10%, however, by
[ as- 6 /g increasing the 1/d ratio by 30%, the inten-
- T/ sity decreases to one~third to one-~fourth of
Fig. 10. Compensated its initial value, We ware able to maintain
functions of relative the 1/d ratic within 1%-in our tests; thus,
volume of erosion the maximum erro: in the determination of AV
[AV/AVmax] and rela- was less than 1%.
tive dimensions of
the model [1/d].
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By determining the expression AG(T) for various metals, 1t can be

© established that there 1s;a so-called incubation period in elastic met-

als, and that during this period there is merely a deformation of the
surface layer without any loss in weight (strain-hardening). A weight-
loss curve of this type is shown in Fig. 11. For the lesad sample em-
ployed, the value of AG increases in an approximately linear manner as

a function time up to a certain limit. Within this period, pronounced

eroded surfaces form cn the surface of the material, generally in the

form of circular indentaticns. Since it can be assumed that further
local cavitation will become evident in the vicinity of the indenta-
tions, that were caused by cavitation attack, it appears desirable, for
the sake of comparability of the test results, to select that perilod
from the entire test duration during which only the cavitation erosion,
caused by the original flow pattern, manifests itself. .

6. Effect of the Surface Quality of the Sample

The effect of the surface quality of the sample was clarified by
earlier tests [7): in these tests, comparative studies were conducted
with samples having different types of surface roughness. According to
the experiences galned in these studies, all tests must be conducted
with samples having the same degree of surface roughness 1f it is
desired to obtain comparable values. '

7. Effect of the Test Range

As menticned eﬁrlier, the exponent value of the scale factor was
established by various researchers to be in the 8 = 4-8 range. By em-
ploying the data obtained by Govinda Rao in extegsive tests [27], 1t
is possible to conclude that an exponent value of 8 = 5 18 obtained
both in the case cf cylinder inserted in the flow and in the case of

tests performed in & Venturi tube, provided that the very low velocity

- 21 -
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range is excluded. Some teits were conducted at three velocities =~ Obe
viously too small a number — by considering the fact that expression
AV(v) vas determined graphically. The very wide range of B8 = 4-8 ob-
tained from the test of Rata for the value of the exponent may be ex-
plained also in terms of incidental errors, since in these tests the
velocities were close to the value of v = 30-40 m/sec.
8. The Highest Possible Error in the Determination of AVD and AV

By employing an approximating calculation method [28], the follow-
ing expression is obtalned for the characterization of the maximum
possible error in the determination of the value of AVO:

hmbgrdtdet 438, .+_.‘c-'." ‘v
for the value of Avn:
P T LA T o I RE T S Y I
The subscripts represent the maximum possible efrors for the values
involved. In the determination of the value of GG’ it is not permissible
to start from the accuracy of the weighing of the sample alone, the ba-
8ls to be employed must also include the deviation of the value of A,
1/d, and other above-mentioned factors, from constency. On the baslis of
these considerations, the following expressions may be derived:
rs.-m,{o.u+o.o|{o,m+ms+u-6.ot+o+§-p.xn.g£lqg
and L , e el A
'i-“,.';u,o+:'.-i TR Y PUpeay

These relatively higq‘values for the possible error explain-the scat-
tering of the experimentally determined values for AVO {7], shown in
the figure, The error in the determination of the erosion intensity may
become especially large if the tests are conducted:with the actual ma-

chines.
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Flg. 11. The experimental functlions of ero-
sive welght loss AG and duratlon of the ero-
sion study (1).

VI. CONCLUSIONS

Especial attention has to be paid in the investigation

scale effect of cavitation erosion to the following factors:

a) the accuracy of the determination of the cavitation
and of the flow rate; furthermc.z, the determination of the
by the erosion;

b) maintenance of the identity of the cavitation state

dimensional ratios o? the test models employed;

of the

¢resistance

volume loss

and the

¢) proper setting of the test duration. In order to reduce the

magnitude of the errors, the tests are to be conducted 1in a wide range

of velocities and with a large number of variations.

The results obtained at Budapest Technical University confirmed

the test results obtained earlier; furthermore, they confirm the valid-
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range.

the relation employed for the scale effect for an additional

REFERENCES
Shal'nev, K.K., Gidromekhanicheskiye aspekty kavitatsionnoy
erozii. [Hydromechanical Aspects of Cavitation Erosion]. Izv.
AN SSSR 0td. tekhn. n. [Bull. USSR Acad. Sci. Dept. of Tech.
Sci.] (1958), No. 1.
Vasvari, F., Beginnende Zerstdrung von Metalloberfldchen durch
Wasserschlag [Impending Destruction of Metal Surfaces by
Water Impingement]; Periodice Polytechnica [Journal of the
Polytechnical University], Vol. 6, 1962, No. 1.
Shal'*nev, K.K., Usloviya intensivnostl kavitatsionnoy erozii.
[Conditions of Cavitation-Erosion Intensity]. Izv. AN SSR
Ctd. tekhn. n. [Bull. USSR Acad. Sci. Dept. of Tech. Sei.]
(1956) No. 1.
Konstantinov, B.A., Vliyaniye chisla Reynol'dsa na otryvnoye
obtekaniye. [Effect of Reynolds Number on Separation Stream-
lining]. Izv. AN SSSR, Otd. tekhn. n. (1946), No. 1l0.
Martyrer, E., Kraftmessungen an w1ederstandak6rpern und Fliigel-
profilen in Wasserstrom bei Kavitation [Force Measurements on
Resistance Bodiles and Wing Profiles in a Stream of Water un-
der Cavitaeion], (G. Kempf and E. Foerster: Hydromechanische
Probleme des Schiffsantriebes [Hydromechanical Problems in
Ship Propulsion])), Hamburg, 1932. ‘
S8ilbtermann, E., Experimental Studies of ‘Supercavitating Flow
about Simple Two-Dimensional Bodies in a Jet. Journal of
Pluid Mechanics, 5 (1959), 337-354.

- 24 -

e meraaes e ——— s -t W W MM malrs I th

ot o 17 oot RS JAE

I 1 it 18 00

N

e

PR TR

.




10.

11.

12.

13.

14,

15.

16.

17.

Shal'nev, K.K.; Energeticheskiy parametr 1 masshtabnyy
effekt kavitatsionnoy erozii. [Energy Parameter and Scale
Effect of Cavitation Erosion]. Izv. AN SSR Otd. tekhn. n.
[Bull., USSR Acad. Sci. Dept. of Tech. Sci.] (1961), No. 5.
Plesset, M.S., Ellis, A.T., On the Mechanism of Cavitation
Damage. Trans. ASME 77 (1955), No. 7.

Parsons, C.A., Cook, S.S. Investigations into the Causes
of Corrosion or Erosion of Propellers. Engineering 107 (1919).
Kerr, S.I. Determination of the Relative Resistance to Cavi-
tation Erosion by the Vibratory Method. Trans. ASME 59 (1937),
No. 5.

Mousson, J.M., Pitting Reslstance of Metals under Cavitation.
Trans. ASME 59 {1937), No. 5.

Gavranek, V.V., Izuchenlye kavitatsionnoy erozil metalliches-
kikh materialov na magn’tostriktsionnom vidbratore.[Study of
Cavitation Erusion in Metallic Materials on a Magnetostric-
tive Vibrator], KHPI im. V.I. Lenina [The Lenin Chemistry

and Physics Institute], 9 (1957), No. 1.

Knapp, R.T., Recent Investigation of the Mechanics of Cavi-
tation Damage. Trans. ASME 77 (1955), No. 7.

Noskievic, J., Beitrag zur Ahnlichkeit bel Kavitation [Con-
tribution to Similarity in Cavitation], Bergakademie [Mining
Academy], Vol. 8, 1956, No. 2.

Kerr, S.K., Rosenberg, K., An Index of Cavitation Erosion by
Means of Radioisotope. Trans. ASME 80 (1958), No. 6.

Schréter, H., Korrosion durch Kavitation in einem Diffusor
(Cavitation Erosion in a Diffuser], Z. VDI [Journal of the
Association of German Engineers], Vcl. 76, 1932, No. 21.

Rats, J.M., Erosion de cavitation. Mesure de l'érosion par




18.

19.

20.

2l.

22.

23.

24,

25.

Jauges résistantes {Cavitation Erosion. Measure of Erosion [

SN -

by Resistance Gauges]. Symposium Recherche sur les Turbines _ﬂ
Hydrauliques de Nice ([Nice Symposium on Hydraulic Turbine |
Research], 16-20 Sept. 1960.

QGovinda Rao, N.S., Thiruvengadam, A., Prediction of Cavita-
tion Damage. J. Hydraul. Div. Proc. Amer. Soc. Civil Engrs.
87 (1961), No. Hy. 5.

Rayleigh, On the Pressure Developed in a Ligquid During the
Collapse of a Spherical Cavity. Phil. Mag. Ser. 4, 34 (1917).
Gillemot, L., and Sinay, F., Die Brucharbeit als Werkstoff-
kenngr&sse [Tensile Work as a Material Parameter], Acta
Techn. Hung. [Proceedings of the Hungarian Academy of Sci-
ences, Technologyl, Vol. 22, 1958, No. 1-2.

Knapp, R.T., Accelerated Field Tests of Cavitation Intensity.
Trans. ASME 80 (1958), No. 1. -

Fay, Cs., A Vizgépek Tanszé€kének kavitaclos csatornaja [The

AWM 1 A s 1 AR5 o T e M s

Cavitation Channel at the Department of Hydraulic Machines],
MTA Musz. Tud. Oszt. Kbzl. [Reports of the Section for Tech-

nical Sciences, Hungarian Academy of Sciences], Vol., 22, 1958,

No. 1-3.

e b a1

Prandtl, L., Herstellung einwandfreier Luftstréme [Generation

of Perfect Air Flowa], Handbuch der Experimentalphyﬁik {Hana-

book of Experimental Physics], 1932, Vol. 4, Part 2.

HitosZynski, E., aber Strahlerweiterung und Strahlablenkung o
[on Flow Expansion and Flow Deflection], Vortrige aus dem

Gebiete der Hydro- und Aerodynamik [Lec?ures in the Fields %
of Hydrodynamics and Aerodynamics], Beriin, 1924,

Shal'nmev, K.K., Kavitatsiya nerovnoatey poverkhnosti treugol'

nogo profilya [Cavitation in Irregularities on Triangular

- 26 -

PID-HT-23-508-67 . L | R

L e S




Surface Profiles], PMTF [Journal of Applied Mechanics and
Technicai Physics] (1962), No. 6.

26. Novotny, H., Werkstoffzerstdrung durch Kavitation [Destrug-

tion of Materials by Cavitation], VDI Verlag [Publishing
House of the Association of German Engineers], Berlin, 1942,
27. Govinda Rao, N.S5., Cavitation - 1ts Inception and Damage.
E Irrigat. and Power 18 (1961), No. 1.
28, Frank, M.P., Elementarnye priblizhennye vychisleniya [Ele-
‘mentary Approximate Calculations], Moskva [Moscow], 1932.
29, Varga, I.I., Chernyavskiy, B.A., Shal'nev, K.K., O metode
' issledovaniya masshtabnogo effekta kavitatsionnoy erozili.
F [A Method for the Study of the Scale Effect iu Cavitation
Erosion]. Zh. Prikl. Mekh. 1 Tekhn. Fiz. AN SSR, Moskva
[Journal of Applied Mechanics and Technical Physics of the
USSR Academy of Scierces, Moscow] (1963), No. 3, 122-129.

(Manuscript received 23 November 1963)

Manu-

script

Page [Footnote]

No.

1 Part of the text of this report was publlished in the Russian

language, under Reference [29] in the 1list of references.




